[SSC-P4-02]
Design and Optimization of an Autonomous Constellation of Small-satellites for LEO and
Beyond
Mohammed Irfan Rashed
Korea Advanced Institute of Science and Technology (KAIST),
Daejeon, Republic of Korea; +82-42-350-5758
irfanrashed@kaist.ac.kr
HyoChoong Bang
Korea Advanced Institute of Science and Technology (KAIST),
Daejeon, Republic of Korea; +82-42-350-3722
hcbang@kaist.ac.kr
ABSTRACT
The speedy data reception with useful applications such as disaster management remains to be need of the
hour. This paper addresses the major concerns relating to deployment and control of the larger small satellite
(mainly cubesats) constellations in LEO by determining their relative position and velocity errors under certain
acceptable limits with collision avoidance techniques. The article will also discuss the importance of Inter-satellite
link to significantly to strengthen the satellite tracking and their data sharing speeds. The issue of optimal dispatch of
the satellites by optimizing the constellation size is detailed though observing and controlling the orbits using a welldefined cost and objective function. Given the fact that the small satellites have certain physical constraints such as
size and capacity to communicate among satellites and in-orbit exchange of resources, the overall control and
optimization of the satellite coverage with travel time through a ground station and their orbit becomes inevitable.
Hence, a detailed optimization analysis has been carried to observe and make important conclusions. Th same
autonomy of a small satellite constellation is also discussed briefly for deep-space communication considering the
cislunar space (NHRO) as one potential destination.
Not only the fact that constellations can be used but a
series of issues need to be addressed as well. The risk of
collision with one another or with the other satellites
remains higher, the small size also implies that it has
less capacity to have additional functionality like intersatellite communication, exchange of resources and
data etc. [1] details the same about the possibilities of
the constellations causing damage to the LEO as well as
atmosphere. [2] says an impactful line “Planned
constellations with hundreds or thousands of satellites
will be at risk from space debris impact and are
themselves a potential source of debris” shows what it
means to have a strong control of satellites among one
another. Also, to have optimal amount of satellites in a
constellation also remains a crucial aspect to control the
number of satellites in LEO impacting the atmosphere
and other scientific missions like telescope observations
etc. Hence, the orbits have to be optimized with best
cost and objection function to reach the strategically
placed ground stations in shorter time for a longer pass.
So that maximum amount of data can be transferred.
This can only be possible with strong autonomy built
within the constellation allowing a bigger sense of selfalignment and control among the satellites using
technology like Inter-satellite links (ISL) respectively.

INTRODUCTION
This paper brings up an important issue of small
satellite constellation management and control over a
period of its life time. The NewSpace era is demanding
and challenging at the same time. There is an absolute
need for innovation and creation of new methodologies
and systems to sustain the small spacecrafts both in
LEO and lunar orbits. The major satellite issues are to
contain and control the satellites in their respective
orbits forming a constellation within their given size
and weight restrictions. Over past two decades, the
small satellite technology has evolved and attained new
heights of accomplishment into Low Earth Orbits. But
the concerns also remain to answer the question that do
we only need these satellites for education and
imaging? Or will they be of significant importance too?
Answering these questions, the small satellites are now
being utilized for the disaster management and save
millions of lives and resources. The technology can be
utilized for several applications such as forest fire
monitoring, floods and many more disastrous events
which can be catastrophic to livelihood and destructive
to humanity itself. Hence, a detailed research in this
direction will take place to contribute in this domain
using small satellite constellations in Low Earth Orbits.
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moving towards autonomy of the satellites and use of
advanced technologies to fulfill the needs of current
concerns on and off board respectively.

Figure 2: Procedure required for a constellation
alignment

Figure 1: Traditional smallsat constellation issues
Disaster management through effective small satellite
constellations is an important objective of this research.
Delivering effective, meaningful and fastest data to the
needy users is one of the challenges to face to overcome
this latency and to avoid extensive human and resource
losses. Constellations with small satellites have been a
great impact on the entire new space era and has been
efficient in applications in real-time. Though many of
the global constellations operate successfully, several
issues come handy to operate larger small satellite
(1~500 kilograms) of the constellations with issues
ranging from connectivity, latency, operations,
scheduling, timely deployment of satellites as needed,
control and safety of satellites and many more. This
research mainly aims to solve these issues extensively
through creating optimal constellation analyses.

[4] describes the major work on thee satellite
constellation mission design and analysis for a
particular lifecycle. It clearly demonstrates the
necessity for a constellation performance analysis. This
gave this research a good foundation towards the
constellation study. The small satellites having huge
resource constraints due to the size issues, implies
several modern and innovative technologies to be
utilized for implement a well-balanced operation for
these constellations. [5] also determines a way for a
systematic approach to design and analyze the
parameters involved in a constellation which is for a
particular objective.
This paper determines the role of Autonomy through
simulations using control algorithms and optimization
techniques. The aim is to make the satellites selfaligning and maintaining their orbits by themselves
using a particular pattern and self-alerting system. Also,
for the case of the deploying the satellites to be
included a constellation, a system is designed named
“Controlled Deployment (CODE)” of satellites and
their operations which is illustrated in the sections
below. Even though if the satellites are aligned
thoroughly, the ground stations globally will play a
prominent role in determining the utility of the designed
constellation. The latency and ease of reception will be
of prime importance and is briefly detailed. In the later
portion of the paper, the relevance to the lunar missions
using the techniques developed for the LEO missions is
discussed. The major purpose of this research remains
to be utilizing the LEO-based constellation research to
lunar missions (specifically for NHRO orbits) for

For this, a detailed literature study was carried out to
address key issues and situations in a small satellite
constellation operating in real-time for a possible longterm sustainability of these satellites for a bigger
purpose. [1] also states that the large constellations also
have a greater risk of forming debris upon collisions.
Also, the recently the SpaceX’s Starlink satellites also
got lost due to solar storms and have impacted the
company. It has created immense atmospheric drag
resulting in loss of about 40 satellites overall. Hence,
the importance of control and autonomy of each
satellite plays a prominent role in small satellite
constellations for a long-term propagation in their orbits.
[3] gives the recent trends of the large-scale
constellations of the small satellites and their challenges
to operate/manage them with a better technology into
their compact sizes. The solutions suggested are also
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attaining autonomy of the constellated satellites in
cislunar space respectively. This is also because the
LEO region being the important part for a successful
deep-space travel with the payloads parking there and
then defining the path further. The GATEWAY is a
greater influence for planning the future small satellite
mission to moon and further to Mars.

Hence, the walker with changed configuration was used
a constellation model for designing this constellation
respectively.

Figure 4: The phases in constellation design
According to the article [4] in walker constellations are
generally placed in circular orbits at the same altitude
with same inclinations and ascending nodes uniform at
equator. The relative angular shift between satellites
along the adjacent planes is given by:

Figure 3: LEO to NHRO technology transfer
possibilities
CONSTELLATION
LINK DYNAMICS

AND

F*(360o/T) where F can be anything between 0 and (P1). The symmetric, inclined constellation design
method is proposed using optimization technique. The
geographic coverage is illustrated by optimizing the
earth central angle (θ) for constellations of T circular
orbit satellites in latitude band.

INTER-SATELLITE

The small satellites are widely appreciated for their
performance considering the compact sizes and related
constraints. The research and development activities
have been going on to improvise them with robust
constellations but for that, a well-organized
astrodynamics have been presented for their
propagation in synch with each other respectively.

Satellite view geometry for an optimal coverage of the
earth is given as:

The below equations have been finely studied to
implement them in simulations:
Small-satellite Constellations
Many references have been given importance for their
unique mathematical abilities to propagate a
constellation seamlessly but also the major aspect
considered was its durability under the several other
disturbances.
The orbital parameters remain quintessential for most
of the design portion of it but with most important part
is to align them with different values and stabilize them
through certain unique techniques.
The constellation considered is a typical walker style
constellation with few changes in the orbit elements.
The reason for this has been that out of the literature
study and related dynamics involved for the objective
of this project, the walker gives one of the finest
coverages for earth observation and related applications.
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The equation for the same is simplified as:

cos( +  ) =

cos 
h
1+
re

systematically. The sequential study involved several
techniques from literature and suitable selecting the
operation technique and possible modes.

(1)

The RF-based ISL is getting obsolete due to its growing
incapability to handle bigger data and ability to transfer
it effectively. The latency and other factors also do not
allow the users to rely on RFISL for a long time.
Hence, this research is directed towards attaining the
OISL by overcoming the issues of pointing accuracy
and aligning the link with moving satellites. The
advantages of OISL outweigh the RFISL significantly
with increased latency, faster data movement and also
in future to exchange much needed resources to attain
the long-term lifecycle.

As said, the inclination, eccentricity and argument of
Perigee remains the same for all the orbits, the right
ascension of the ascending node (RAAN) and the mean
anomaly of the j-th satellites on the i-th plane are
described by [6] as below:
2
(i − 1)
P
2
2
M ij =
( j − 1) +
F (i − 1)
S
N

ij =

(2)

This also aims at the concept that ISL plays a major
role in autonomous constellation behavior. If the ISL is
well-aligned and regulated, the autonomy of the whole
constellation will gain strength and stability. Hence, it
is prominent to design and develop the techniques for
the same for a long-term endurance and enhanced
performance.

Where S is ratio of No. of satellites to No. of planes.
Interestingly, [7] also demonstrates that the true
anomaly can also be depicted through the following
equation:

i 0 =

2(i − 1)
(i = 1, 2,3...n)
n

[8] gives a sense of understanding on the autonomous
navigation that can be planned using inter-satellite
distance as one method to align the satellites detecting
the ISL errors respectively by proposing an integrated
navigation system.

(3)

i is the representing satellite.
The individual satellites are then propagated according
to the walker orbit alignment for the given steps
respectively.

This research is inspired by [9] as it aims at the earth
coverage mission with ISL. The configuration
mentioned is as below:

Inter-satellite links (ISL)
Inter-satellite Links are the most important means of
communication among satellites and ultimately to
ground stations. There has been significant study on
building effective research and development towards
stronger ISLs for constellations but still pretty much
experimental. There are two basic types of ISL planned
1. RF based ISL 2. Optics-based ISL.
The ISL is of another prime importance especially for
small satellites due to their small sizes and a
requirement to communicate with other ones without
any hassle to transfer resources, data etc. But this is not
practically feasible yet and is experimental due to
several constraints binding the small satellite
configurations.

Figure 6: Geometry of ISL among aligned satellites

The dynamics involving the same remains fundamental
to understand and implement them in a systematic
manner from satellite to satellite. This research’s core
intent is to align a methodology to specifically address
the ISL implementation issues and study the
characteristics to apply them in small satellites
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Angle of one (α) is dependent on another two satellites
given by: (Inside one orbit – interlink)

( +  ) + 2 = 

4

(4)

36th Annual Small Satellite Conference

Angle between 1 and 3

( +  ) is given as:

2
= ( +  )
N so

(5)

So α is:


2
= +
2
N SO

(6)

Total number of satellites is

N SO .N O = N S

(7)

But for the cross linking with another orbit, the θ plays
a vital role for being an angle between two orbital
planes respectively. The expression for the same is
given by:

cos  = (cos

2 2
sin i + cos 2 i)
NO

Figure 7: Orientation of a Laser ISL.

(8)

Where i is the inclination of the orbit.
As this research will specifically focus on optical ISL,
i.e., Laser ISL, the laser-based communication is also
under study and analysis. [10] gave a description with
regard to the Starlink laser ISL which is experimental
but extensively being used for over 1000 satellites now
by SpaceX is worth research to see the possibilities to
use them in smaller constellations (about 100 satellites).
According to its theory, the Laser ISL can be calculated
as below:

x=

(

)

( r + h) 2 − ( r + a ) 2 * 2

Figure 8: Swarm of constellated satellites passing
data through LISL operating in different planes

(9)

x is the maximum LISL possible.
r is the radius of earth.
a is the height of atmospheric layer above earth.
In LISL, each satellite is given a specific address
according to their orbit they are in and their movement
with respect to their adjacent satellite. Also, they are
divided into temporary and permanent LISLs according
to their functionality and address orientation.
This concept can be visualized as below for the sake of
finding relevant issues to be solved through unique
methodologies suitable for small satellites in large,
medium and small constellations respectively.
Figure 9: Benefits of ISL
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CONSTELLATION SET-UP
Considering the dynamics involved and the type of
constellation is desired, the simulation is strategized
and setup was made for the same. The walker type of
constellation is usually used for various applications,
but the importance to coverage globally, latency and
other factors specific to small satellites is systematically
studied and the orientation parameters of the
constellation were chosen accordingly.
The walker constellation parameter set is given as
below with an understanding of the propagation of
these parameters to get the desired simulations. The
maximum performance with minimum latency was kept
in consideration as shown below:

Figure 10: Simulation of satellites in constellation.
It was made sure that the semi-major axis remains to
below 10,000 Kilograms and the RAAN to be equally
distributed for the satellites to propagate smoothly over
their planes for the given steps of their operation.

Table: 1 Constellation set-up and orientation
Parameters

Value

No. of Planes
No. of Satellites per plane
Satellite Mass
Inclination (Orbit)
Altitude
Lifecycle
Half Sensor Cone Angle

4
4
85 Kilograms (Cubesats)
45 Degrees
650 Kilometers
5 years
30 Degrees

As this paper is directed towards the design and
optimization of an autonomous small satellite
constellation, the autonomy was given the prime
importance based on the four different factors as below:
AUTONOMOUS
BEHAVIOR OF
CONSTELLATION

This set-up is mostly for an experimental constellation
with minimum satellites initially to make necessary
adjustments at initial stages and then keep adding
satellites as per requirements and overall stability of the
same. This aspect is discussed in detail in the chapter
below for the deployment methodology.

Optimal Control
among satellites and
orbits

After aligning the same in a platform for designing the
constellation, the following set-up was obtained:

Orbital
optimization for
entire constellation

Strong Intersatellite
Connect/Link

Figure 11: Parameters affecting the autonomous
behavior.
The satellites have to be self-adjusting and auto
aligning themselves under uncertainties. Autonomy
does not imply only having them survive for a
particular amount of time but also to solve maximum
amount of problems in-orbit without much human
interventions. Hence, this research is solely strategized
for making such autonomous constellations for LEO
and Deep-space missions respectively.
INTER-SATELLITE LINKS DEMONSTRATION
AND WAY FORWARD
Laser-based optical ISL becomes a fundamental pillar
for a robust autonomy of a constellation. The portion
has been extensively researched and purposeful data
has been gathered from the simulation set-up.
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Laser technology has been mostly tested by SpaceX for
their Starlink constellation and declared recently that
most of the satellites will have a laser ISL soon. This
brightens the need for using this technology in
relatively small constellations (about 100).
[11] gives a detailed work on laser based autonomous
navigation for distributed spacecrafts globally not
specifying that if this research intended for small
satellites but implies the same with examples like
PlanetLabs. [12, 13] brings up the modes to
successfully simulating an ISL through STK and
MATLAB but also through a system simulator. Not
only that some of the research [14] was done by
deploying a temperature sensor for evaluating an ISL
for navigation constellation.
[15] opens up on the visibility aspect of the ISL which
is primarily essential
for the
Laser-based
communication as well. The configuration of the same
is given as below:

Figure 13: Example of Satellite connecting with
Ground Station
Though the above figure depicts the vector established
between a ground station and a satellite, the
communication mode would remain to be through the
RF-based ISL to transfer the data in a fastest way to the
nearest ground station respectively. For this a LISL is
extremely beneficial among the satellites as portrayed
below:

Figure 12: The visibility of the satellites in a
constellation
Through a derivation, the reference gives the visibility
equation as:

Figure 14: Example of a Satellite connecting with
another

R = (r1.r2 )2 − r22 r12 + (r22 + r12 )S 2 − 2S 2 (r1.r2 ) (10)

Once the contact is established, the data is reported to
the console along with the time and duration of the
contact at each pass for ease of the operator as shown
below:

Following the dynamics and concepts to align a robust
ISL, the constellation simulation was prepared for a
visibility analysis and the below results were obtained:
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Table 2: Sample Visibility report
Time of
contact/end of
contact
Jan 01 2022
16:05:30.00000
Jan 01 2022
16:20:30.00000
Jan 01 2022
15:40:00.00000
Jan 01 2022
15:52:00.00000
Jan 01 2022
19:03:10.00000
Jan 01 2022
19:13:10.00000
Jan 01 2022
20:25:10.00000
Jan 01 2022
20:42:00.00000
Jan 01 2022
21:15:33.00000
Jan 01 2022
21:30:15.00000

STRATEGIC GROUND STATION PLACEMENT
(GLOBALLY)

Type of contact

Number of
times per day

gs_2_const[4]

3.00000

const[13]_2_const[4]

2.00000

The ground station placement to form a global
constellation will be of prime importance. It is expected
that all the ground stations to function in a way that is
most productive and quick in accessibility to the enduser. Hence, a detailed study to strategically plan and
organize the ground station was aligned.

1.00000

At a later stage of the research, a detailed autonomous
orientation of the ground network is planned.

Const[14]_2_const[10]

gs_2_const[4]

2.00000

const[16]_2_const[2]

4.00000

For this paper, the focus was maintained on the
strategic placement of these ground stations globally
and analyzing the data reception and processing
respectively as shown below:

The GS represents a Ground Station connect and a
const[] represents a satellite within the constellation.
The cross-link establishment was inspired by the [16]
which states that the critical value of earth central angle
( f c ) between the two satellites to crosslink them can be
obtained from:


cos  c
 2

 re + hg
=
 re + h

Where re = earth radius,
for cross link,

(11)

Figure 16: Global Ground Station network for the
constellation

hg is minimum graze altitude

h is satellite altitude.

During the propagation, the visibility among the
satellites with satellites and ground stations with
satellites can be observed to be as below:

Figure 17: Tracking data for the global ground
station network
The ground station network and its optimal utilization is
also a concern and under the scope of this research for
achieving autonomy is in preparation. The network for
a global constellation is aimed at reaching out the
maximum end users with limited utilization of the wellorganized and strategic ground stations as a whole
reducing the cost and valuable resources effectively.

Figure 15: Visibility propagation for a duration of 5
days.
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AUTONOMOUS OPTIMAL SATELLITE/ORBIT
CONTROL AND RELATED DYNAMICS

derivative, and

is a gravitational constant. If the chief

satellite has a circular orbit, we can ignore . To
further simplify the equation, it can be linearized as:

The autonomy does not totally depend on the operations
and ISL solely, but with satellite to satellite control as
well. There is a need for a robust control among
satellites to automatically control their position and
velocity to another under certain limit. This gives a
autonomy over the satellite to satellite control without
individual tracking for each satellite manually or with
minimum human involvement.

 x   2ωy + 3ω
 y  =  2 x
  
 z   − 2 z

2

x  ux 
  
 + u y 
  u z 


(13)

This is the CW (Clohessy-Wiltshire) equation. This is
extensively used as a linear equation to solve the orbital
orientation along with J2 perturbations. As in real-time
propagation, the equation needed would be a non-linear
with linear controller but in this paper, the approach is
changed. Instead of using a normal non-linear equation
directly, the CW equation was used in line with external
disturbances like perturbations (J2) then applied an
LQR as an optimal controller. This was to be simulated
and tested to see if this works with maintain the orbit
maintaining minimum errors on orbit respectively.

For this paper, LQR-based optimal control is combined
with a CW equation and an optimizer (specifically
designed cost and objective functions by defining a
problem) for two cases 1. Atmospheric drag (J2)
perturbations without LQR controller 2. Without
atmospheric drag (J2) perturbations respectively.
This is to make sure that the both objective and a cost
function deliver the best satellite and orbit control at the
same time effectively.
Each orbital plane is considered as a single formation of
satellites. For this paper, a formation of four satellites
was made (same as the set-up for this paper). The
orientation in an ECI frame can be portrayed as below:

Optimal Control
LQR-based optimal control
LQR is an essential non-linear optimal control for a
small satellite constellation. There are several reasons
for the same. Some of them are as follows:
•

Point to point tracking in a harsh LEO environment
becomes a hefty task to maintain an appropriate
pointing and alignment to another satellite as it is
much needed for ISL.

•

It is also suitable and aligns well with the
atmospheric drag (J2, J3) resulting in near realtime propagation and simulation results.

Figure 18: Orbit orientation with formation in
constellation

•

Potential updates and
effectively.

The relative equation for these satellites in formation
can be given as:

[17] gives the idea of maintaining the circular orbit for
the small satellite with simulation of orbit elements
with and without LQR effect. It does not give any
relevance to constellations or its propagation effect in a
formation. Hence, this paper contributes towards using
LQR (with atmospheric drag) for the case of small
satellite constellation along with small satellite
conditions and configuration.



μ(R + x)
μ
 2ωy +  y + ω2 x −
+ 2
3/ 2

R 
(R + x)2 + y 2 + z 2 
 ux 
 x 
  
μy
 y  =  −2ωx −  x + ω2 y −

 + u y 
3/ 2
 
(R + x)2 + y 2 + z 2 
 u 
 z  

  z
μz


−
3
/
2


(R + x)2 + y 2 + z 2 



(12)

The generalized LQR equations are given as:
Computing the state-feedback control,

where x, y and z are the relative position,
and
are the relative velocity, R is the radius of the chief
orbit,
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This minimizes the continuous cost function given as:

J =  {xQx + uRu + 2* xNu}dt

(15)

For the state dynamics as:

dx
= Ax + Bu
dt

(16)

Once the state dynamics are ready, the feedback control
is prepared as:

u = − R −1bT Pe , where
e = x − xd

Figure 21: Relative distance and its error (m)
(17)

Without LQR:

Matrix P is the solution of Riccati equation,

Q − PBR −1 BT P + PA + AT P = 0

(18)

Implementing the same in the simulation form, the
following results were obtained:
With LQR:

Figure 22: Orbit propagation for 2 days (3D)

Figure 19: Orbit propagation for 2 days (3D)

Figure 23: 3D Relative Orbit with and without
perturbations

Figure 20: 3D Relative Orbit with and without
perturbations
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Figure 24: Relative distance and its error (m)
Hence, the distance and alignment between the
satellites can be seen in a much controller manner with
LQR ensuring appropriate pointing alignment and
minimizing the need for continuous maintenance of the
satellite formation within a constellation.

Figure 26: Dedicated body coordinate frame for
each satellite in constellation

Solar panel-based optimal control
The solar panels are major part of each satellite in
constellation. The reason is that the control on the solar
power and its tracking will give additional support to
the autonomy of the constellation as a whole. The
attitude data can be tracked with solar power charging
and discharging with fixed and changing attitude in a
body coordinate system of each satellite. Adding to it,
every satellite in a plane (leader and followers) have
their own dedicated sun vector tracking their own
position with respect to sun and to the proceeding
satellite (using ISL) respectively as shown below:

Figure 27: Power charging and discharging during
the changing attitude phase

Figure 25: Solar panel-based tracking with a sun
vector

Rashed
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x2  0, x2  (a1 x1 + b1 )3 , x2  (a2 x1 + b2 )3

Table 3: Sample Attitude and power data report
Satellite
charging/
discharging
periods
Jan 01 2010
06:40:30.00

Sun Panel
Angle

67.792

Sun attitude

Panel Power

147103407.841

0.000 (Hold
up phase shadow)
5864.820
(Charging
phase – no
shadow)

Jan 01 2010
06:43:00.00

61.009

147102521.914

Jan 01 2010
06:45:40.00

69.817

147101494.235

(19)

For parameters a1=2, b1=0, a2=-1, b2=1.
Considering all the possible conditions of the presented
set-up and apply the optimizer (NLopt) throughout the
propagation of each orbit, the objective and cost
functions were reconfigured and matched according to
the constellation needs. The following results were
obtained:

4174.960
(Discharging
phase
–
subsystem
distribution –
no shadow)

Optimization
(Travel time and Orbit stability)
The small satellite constellation usually brings up
several issues of coordination and integrity after launch.
After studying various real-time situations with
constellations, it is observed that there is an absolute
need for an added optimizing technique to stabilize the
orbits and efficiency of their propagation. This was
combined with the optimal control (LQR) and Solar
panel technique to obtain a robust constellation
configuration for autonomy. This will add features
which will further reduce human involvement and their
related anomalies. Not only this, it will also improvise
the faster data delivery, lesser latency and optimal
ground station reach out.

Figure 29: Optimization cost, objective and coverage
propagation

After using a linear quadratic regulator, a non-linear
optimizer is deployed to make sure the orbit parameters
are well aligned and self-optimized when needed. The
optimizer is named ‘NLopt’ itself.
Though the optimizer was in-built and well configured,
the basic governing equations for the same are given as
below:
The nonlinearly constrained minimization problem can
be defined as [18]:

min
x  R2

x2

Figure 30: Optimized inclination for all the orbits

(18)

Subject to
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Table 4: Initial Constellation condition satellite
decay (premature re-entry)

Figure 31: Optimized semi-major axis for all orbits

Parameter

Value

No. of orbits

11

Distance (from each other)

20 kilometers

Initial and Final orbit heights

300Km/500Km

Satellite Drag Area

0.75 m^2

Run time duration

50 days

Satellite Mass

85 Kilograms (same
constellation set-up)

Table: 4 Optimization report
Parameter

Value

Nominal/Total
points

evaluation

250/256

Objection Function (Current
iteration)

0.87604

Average
steps

20 seconds

orbit

propagation

Semi-major
Inclination

I = 72.09032 (10.000, 90.000)

(Current iteration)

A = 6961.72885
8300.000)

function

(Best

State variables (Best Solution)

axis

and

Same as constellation set-up

Resulting simulation:

State variables

Objective
Solution)

as

(6600.000,

0.94926

48.42322

Figure 32: Mean motion to Decay rate every day

Orbit Decay and Maneurability
Though majority of the orbit maintenance is addressed
through the algorithms above, but the action has to be
taken when the decay occurs due to any particular
reason to reach the final lifetime of the constellation.
On-board maneuvering and orbit decay monitoring is
an essential aspect of an autonomous behavior of the
orbits to take control by themselves in case of a decay
from their specific positions.
For this paper, the specific conditions were aligned
according to the constellation set-up and orbit elements
and the orbit decay and lifetime of each of them were
analyzed as below:

Rashed
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Table 5: Tracking report
Date and time of
approach

Figure 34: Mean motion of orbits decaying each day.

Range (Km)

Probability of
Collision

Jun 06 2022
15:34:30.3224

246.687757

0.00000000

Jun 07 2022
17:04:00.5124

207.751452

0.00000000

Jun 09 2022
18:11:07.3224

0.154512

0.00004215

The lifetime of each orbit can be depicted as:
Based on the PoC information obtained, actions can be
planned accordingly. One such immediate action can be
to have a risk avoiding Maneuver to bring back to PoC
to zero again. A detailed study is still under progress on
this aspect and will be published at a later stage
respectively.

This is done to ensure the fact that whenever a satellite
is decaying before its actual lifetime, then sufficient
error alerts are given out to make sure the operator only
gives attention to those satellites in risk to come under
atmospheric influence and get lost. Hence, adding a
great support to autonomous behavior of the
constellation.

Nadir direction analysis for enhanced stability
Small satellites usually tend to detumble even in a
single orbit propagation during atmospheric drag and
other issues. The loss of tracking is possible in these
phases and need a strong attitude control for tracking
the aligning the satellite with proper NADIR pointing
towards the earth. This has been studied that the role of
NADIR pointing sensor remains to be prominent in
every sense of the small satellite propagated in a
constellation. This will give robust satellite positioning
and pointing data towards earth for a well-defined orbit
orientation. Usually gyroscopes, magnetometers and
sun sensors are utilized for balancing NADIR position
accurately and also simultaneously aligning the sensor
half angle (field of view) from the satellite facing the
ground.

Figure 35: Before lifetime alert of a satellite in a
constellation.
Collision Avoidance
This is a much-needed addition to the satellites to alert
an operator on which satellite has passed through each
other in same or different planes respectively. The
probability of one satellite crosses the other within
certain distance is defined with covariance technique.

Figure 37: Nadir vector alignment for a satellite in
constellation

Figure 36: Satellites in their orbits cross over same
region
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Figure 41: lighting times during the detumble mode

Figure 38: NADIR pointing in 3D with a small
satellite

Figure 39: Nadir alignment angular data with sun
constraint of a satellite

Figure 42: Solar EZ-EI module
The reason for portraying the Nadir alignment data with
sun vector is that they tremendously add value to the
satellite position tracking and attitude conformity. This
combination also strengths up the possible attitude of an
individual satellite in a constellation in its own plane.
Autonomy is never about individual monitoring and
tracing a satellite of a 100-satellite constellation, but to
strengthen each satellite in such a way they are capable
to self-control and self-align when needed and send the
data to the operator sequentially.
Ease of tracking and management of the constellation
as a whole will give autonomous control to the satellites
and survive in their orbits until the lifecycle is attained.

Figure 40: Sun light intervals during the detumble
mode
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SATELLITE DEPLOYMENT OPTIMIZATION
TECHNIQUE (CODES)
This section will address the issue of the deployment of
the satellites for upgrading and enhancing the
constellation capabilities. During research, some
questions have been raised as below:
•

How many satellites are actually needed to
form an optimal constellation?

•

How to be a global service provider using
minimum resources with maximum outreach.

•

When to deploy additional satellites to align
with the current constellated satellites?

Many commercial service providers do not have a
standard process or procedure to answer these questions
appropriately. Hence, there is a need to develop a
system or process to make sure that there are optimal
number of satellites deployed to align with the
constellations without damaging the atmosphere,
obstructing the other valuable scientific experiments or
unnecessarily using essential portions of LEO region
respectively.
This research intends to design a procedure for the
same. The system is named as ‘CODES’ which is
abbreviated for ‘Control Deployment of Satellites’ and
their operations. The system will be able to establish
sequential monitoring the requirement for the end-user
reach out through need-based operation. If the current
constellation with given number of satellites could
cover a certain region, then they can be well oriented in
such a way that a wider area and audience is covered.
This is another reason why a coverage analysis was
done with the constellation set-up to match up with the
best possible cost and objective functions.

Figure 43: CODES Architecture
This has to be an automated process embedded in a
platform for operation to alert the team for an action
needed to deliver the data to the user not yet convered
through current orientation of the constellation. In this
manner, not only the cost can be reduced but also the
process can be made autonomous without having teams
to evaluate this requirement to deplay each time during
the mission.

[19] gives a detailed idea on the on-orbit essentials and
need and timing for the deployment and replacement of
the satellites in a constellation. But this research will
enhance that system to be able to focus majorly on the
purposeful deployment as well as replacement without
having any satellites in parking orbits as spare. This is
also to optimal use the resources and cost to a great
extent respectively.
The modules which are to be planned and
commissioned are to be part of the mission planning
and operations management which will go through a
step-wise process and integration in the near future
research. This research is aimed at optimizing the
satellite numbers in a moderate manner to facilitate the
purposeful use of LEO region and beyond.

Rashed

Figure 44: CODES – Satellites deployment timing
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DISASTER
AUTONOMY

MANAGEMENT

THROUGH

[20] gives a great detailing on the possibilities of the
orbits in the cislunar space. But NHRO will remain to
be the strategic region of operation for GATEWAY.
Hence, crucial for finding the possibilities for the same.

The one of the goals for this research are to provide the
data in the fastest and purposeful manner to the end
users. Disaster management is a critical issue globally
with several cases of loss of life, property and resources
significantly due to global warming and related natural
calamities. The fast and the best information to the user
can save millions of dollars’ worth infrastructure and
human lives. Autonomy of the small satellite
constellations can reach out much to this requirement
without much human regulations and intervention
needed for a long term respectively.

On the similar lines, [21] gives the information on how
the CAPSTONE will explore the cislunar space by
demonstrating the CAPS, an autonomous positing
system. This also exemplify the need and how crucial
will be the use of autonomy for Moon as well.

The paper briefly but great emphasizes on the
utilization of the constellations which are autonomous
to contribute with best solutions towards the disaster
management activities and enhanced safety and
endurance on earth. There can be systems which can be
developed to reach the needy areas of destruction on
earth in a dedicated, steady and fastest manner possible.
SAR data can provide up to hourly data but compact
and optimized constellations can provide data in much
faster way with reduced data processing time.

Figure 46: Sample small satellite propagation over
NHRO.

Figure 45: Disaster support sequence
RELAVENCE TO LUNAR MISSIONS (NHRO)
Another purpose of this research is not to restrict the
LEO autonomy to its region but also use its benefits in
the CisLunar Space of the moon. The dynamic
GATEWAY mission has paved a way for humanity to
see Moon to Mars movement a reality. This research is
committed to explore the importance of LEO (as a
parking region) to move and explore Moon, Mars and
beyond. To initiate with, CisLunar Space is of a prime
interest where GATEWAY would be heading to and
before that CAPSTONE would explore that region for
its new technology demonstration. The Near-Halo
Rectilinear Orbits (NHROs) are great source of hidden
Moon mysteries to explore and know more about it.
The constellations on Moon are inevitable as they will
be great source of information for the astronauts from
ARTEMIS mission. Small satellites will play a major
role in making such constellations facilitating huge
support for tracking and resource mobilization.

Rashed

Figure 47: Demonstration
constellated in Cislunar Space.
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Figure 50: Closest approach to the moon (Cislunar).

Figure 48: Satellites propagated for over 50 earth
days.
Shackleton crater remains a priority in mining and
exploration on the Moon. The constellation with
assigned sensors and their tracking are displayed with a
ground station at shackleton shatter as below:

Figure 51: Apogee height over time plot of Satellites.

Figure 52: Azimuth angles of satellites over
shackleton.
CONCLUSION
In this paper, the importance of autonomous
constellations of small satellites is detailed through
design, analysis and optimization of a constellation setup planned. Its relevance to the LEO and CisLunar
Space has been discussed and elaborated extensively to
meet the end-user requirements.

Figure 49: Demonstration of the satellites
constellated in Cislunar Space with shackleton GS.
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